The melanopsin-containing intrinsically photosensitive ipRGCs responsible for the 17 synchronisation of the circadian clock with the environmental light-dark cycle are 18 characterised by a delayed off-time following cessation of light exposure. In this work, we 19 exploited this unusual physiologic property and interrogated how a sequence of flashes of 20 bright light differing in duration could delay the human circadian clock in healthy young 21 participants (n=27). Surprisingly, a sequence of 10 μ s flashes (2,000 lux) delivered over the 22 course of one hour leads to a phase shift equivalent to that observed after exposure to the 23 same number of 10 s flashes at (2,000 lux), with no parametric relationship for intermediate 24 flash durations. Our result demonstrates that the human circadian system can respond to light 25 in a duration-invariant manner at very short durations, over six orders of magnitude, 26 suggesting circadian responses to ultra-short flashes (sub-second) of light are saturated with 27 even moderate photopic light levels.
Introduction 36
The human circadian system is exquisitely sensitive to light. Light exposure in the evening 37 and night can acutely suppress the production of melatonin [1] [2] [3] [4] [5] [6] , shift the phase of the 38 circadian rhythm [5, [7] [8] [9] [10] [11] , and modulate alertness and vigilance [12] [13] [14] . This effect is 39 mediated by the retinal photoreceptors, with a major role played by a subset (<3%) of the 40 retinal ganglion cells that express the short-wavelength-sensitive photopigment melanopsin, 41 rendering them intrinsically photosensitive (ipRGCs = intrinsically photosensitive retinal 42 ganglion cells) [15] . ipRGCs also receive cone and rod input [16] , which contribute to a 43 complex signal driving the circadian system. 44 The exact effect of a given light on the circadian system depends on its intensity, spectral 45 distribution, and duration [17] [18] [19] . While experimental durations of light exposure are 46 typically on the order of hours, it has been shown that sequences of 2-millisecond flashes of 47 bright light (~1,700 lux) can induce phase shifts substantially larger than continuous light at 48 the same illuminance [20] . Here, we examined to how short of a flash the human circadian 49 system could respond by examining sequences of short-duration light flashes (10 μ s, 100 μ s, 50 1 ms, 10 ms, 100 ms, 1 sec, 10 sec; a 6 log unit range) and the consequent impacts on 51 circadian phase, melatonin suppression, and alertness. The changes in objective and subjective alertness are consistent with previous work [20] that 106 reported an invariant increase in alertness in response to different interflash intervals, which 107 had a dose-response relationship with circadian phase shifting. It is likely that the 108 improvement in alertness observed in this protocol is a non-specific psychological response 109 to the protocol (i.e., the flashes are aversive stimuli that increase wake, but a greater number 110 or duration of flashes does not increase wake further).
111
As we continue to develop the technical abilities to craft light in terms of colour and 
Materials and Methods

121
Pre-registration and deviations from pre-registered protocol. Objective alertness: auditory PVT. We used a modified auditory psychomotor vigilance test 210 (PVT; [23, 37] ) to measure objective alertness using a serial collection of simple reaction 211 times to auditory stimuli generated by a piezo buzzer. The stimuli were spaced apart in time 212 at random inter-stimulus intervals (ISIs) between 2 and 6 seconds (discrete steps: 2, 3, 4, 5, 6 213 second ISIs). Upon button press, the tone stopped and the next trial began with a random ISI.
214
Approximately 100 of these stimuli were presented, with the order of ISIs randomized at the 215 beginning of the experiment. This assessment took 10 minutes. The auditory PVT was 216 implemented using custom-made Arduino hardware and software. To measure response 217 latencies, we modified sample code from a report validating using the Arduino platform to 218 measure reaction times [38] . There is a 30-second time out which is considered a lapse trial.
219
If there is a response during the ISI period, this was counted as an error of commission and 220 the counter was reset, starting a new trial period. The random seed for the ISIs is initialized 221 by reading analogue voltage noise from an unconnected pin in the Arduino.
222
Subjective alertness: SSS. Participants completed the Stanford Sleepiness Scale (SSS, [22] ).
223
The SSS is a single question assessment of current sleepiness that uses a 7- irrespective of flash duration. The measures of interest were: phase shift ( Fig. 2A) , difference 238 in melatonin pre-and post-LE (Fig. 2B) , the difference in number of lapses in the auditory
239
PVT pre-and post-LE (Fig. S1A) , the difference in median reaction time pre-and post-LE 240 (Fig. S2A ), and the difference in sleepiness as assessed by SSS (Fig. S2B) . Data are 241 presented as mean ± SD. 
